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Abstrac t

T]lis  IHpcr invest igates  tile sylllllletly  of ]mlarimdric  scattcriug  and Cwlissiml  coefli-

cimlts  of media with rcflcctiml sy]l]]]lctry,  A rdlcction  oImratcm  is ddilld  a]]d  is used to

create tllc imag;m of (Jlc’ctrc)]llzlgl]ctic  fields and SOUICCISC Tl]e i)nagc fields satisfy Maxwell’s

(Itjuatiolls,  Illcfillillg  that hltix~vcll’s  (qllatiolls  ale illv:iriant  ulldcr tllc descrild  rdlcction

(qmatio]w. I]ly a])])lyillg  tl]c  r(flectioll  o]maticn]s  to Illcclia  with reflection  sylnlnetry,  tile

sJ’llllllCt,lJ~  I)ml)crt,  ics Of tll~ St OliCS  l):\l’?llll(’t CIS, character izil]g tllc ])olarizatioll  St ate o f

thermal elnissio]ls,  are  snow]] to agree Ivitll m i s t i n g  cxlwrimcmtal  data.  Ttle fi]st t w o

Stolm l)alalllctcls  al’c’ sylll)]]c~tlic  \\ ’itll  rcsl)cct to tllc reflect ion plane,  while tllc tllircl

a)ld  f(mrt]]  Stokes ]mrdlllctcrs  l)zivc odd sylllllictrjr. i n  act ivc mnotc  scmsi)lg, tllc sylll

I]ldry ])ropcrtics of tllc ]dari]l]etric  scattmillg  ]natrix  Clclnelds  o f  detcrlI)illistic  targds

and the ]mhwinlctric  cmmria)lcc  lllatris Clclllmts of rmclcnn Illcclia or dis tr ibuted talgcts

arc (Jxalllillccli  l’or detcr]ni]listic  targets, t.llc c] ’c)ss-])c)ltiri  zccl ICS])OIISC.S arc c)dd fullctio]ls

wit 11 respect t o tile sylllmet Iy dilcct icn], wllcI~c:as  tl]~ cc)-l)o]arizcd  rcslmllscs  arc CW211

fullctiolls.  For distril)utcd  t a r g e t s  or Iallcloln  II]cdia,  it is found that  t}lc correlatio]}s  o f

u)- a]ld  clc)ss-l)[)l~~]izc’cl  rcspo]ms  are a]lti-sylnlnetric  wit]l  rcs]m-. t to tile Mlcc.tioll ])lallc,

\\’llilc  tl)e  otllrr  covariallcc  ]I]ittrix  Clclllcllts  arc syl]lmetric..  Cc)llsquel)tly,  ill tl]c cases o f

lmcliscattcr,  t llc co- and cross-  lmlarizcd components are cmnplekly  ull-correlated wllcm

(1)(’ illcidc]]cc  dircct,i(m  i s  ml tllc  Sylllllletry  ])lallc. The derived  symmetry l)rolwrtim  of

l)olari]l]ctric  lmckscattcring  cocfficimts agree with tllc predicticms  c)f a tw’c)-scale surface

scat  tming Inodcl  and  existi)lg  sea sllrface H}] and 1717 l)ackscattcr  da ta .  I“il\al!y,  tllc coll-

ditiolw for a ,gmlcral type of media, i .e. , l)iallisotrcq)ic  Il]dia to 1)(’ rdlccticnl  symlndric

arc ma)llillml.



1.  IIltroduction

‘1’llis  l)al)er  discllsscs  tllr syllilflctry  l)lolwltim{)f tllc’l)c)larizi~tioll  co]n~)o)lmltsof  ac-

til’e sc;ittt,lctl  fields  and I)assiv(, tllfvlllal la(liatic)llsflc)lll ]ncdia  wit]l 1(’f)t’ctifnl  syl]ll]lctry

i]) ligl)t of recmlt  significant  illtmcsts  in ~mlarillldric  act ive and pass ive  rmnotc scllsing

of gcol)llysical  India,  l)articlllally,  li’ill[l-rc)llgll[’11(’{1  ow,fili  sllrfaccs, Ivllicll iil(’ syllllllctric

to tllc  wind direction, 111 act.ivc rclnotc  smsing,  tllc H H  or V V  backscattcr  fro~ll willcl-

ill(luce(l  sca sulfacm  has I.mell  kllowll  to I)c syllllndric  wit]l  respect to tllc wind d i r e c t i o n

[W(mtz et al.,, 1984].  IIowcvm , syllllllctrics  of tllc  otllcr ~)olmilnctric  backscattrri!lp;  co

{Jfiicirllts, cllaractcrizil)g tllc  Illlltual  ctmclatiotl  hcttvcml  the dcctric  fidcls  collcctcd  with

ttt’() [ill)it~arj~alltclllla  polarizations, }lil\’(!llOt yet l)r(’~1  discuss(x). 111 ])iIssiYe l”l’’lli(.)t  rsf ’Jis-

illg, tllc  lmlarization  states of thcrula]  radiations am dcscribccl  by  a Stoke.s vector with

fmlr  ]mr?lllldcrs. The first  two Stc)km ~)arnlnctcrs of sea  surface briglltucss  telll~)eraturcs

~vcuc found  to l)c symmet r i c  wit]l  resl)cwt tc) tllc occa)l  willcl  dircctio~l  [Etkill d al. ,  1991;

Wmltz, 1’392; J’ucll  d al., 1994c.],  wllilc  tllc third Stc)kes paralnetcr  was all odd  fullctiml

for mlissions  frcnll  ccmugatcd  soil surfaces [Ngl)iun  d al,, 1991], frolll  periodic water sur-

faces [Jolmso]l  et al., 1 992; }’uc]l  d al., 1994a], and frolll  sca  surfaces at I]c)IIllal  illcidcvlcc

[I)xllra  d al., 1992] and at illcidcllcc allglm of 30 to 50 degrees [Yuch  d al., 19!)4{]. Af.{-

dit imlally,  tl~osc  observed syllllnetry  prcq)crties  of Stokes  ~mlalIirtels  arc cmlsistcult  with

t lIC results gc]lcratcd by a theoretical mnissiol]  II Mdd for rmldom rmgll surfaces [Yudi

Vt al., 1993]. Although the experiment al cviclcnce describd  almvc llacl  sllggcstd  tllc

sylllllletrim  o:f ~mlarimctric  active scattclillg  axld lmssivc  elllissioll  cocflicicults,  them w a s

110 r igorous cxplanaticm  basccl  c)ll t}lc  ILflaxwcll  equa t ions . Hem, th i s  ])a}m sliows  that

tllc  synllnctries  of electmmagllctic  fields scattered or mnittd frmn reflection sj’llllIletric

llle(lia  call be (Ierivccl  frcnn tllc L4ax1vcll equatio)ls.



%ctiou 2 dmnmlstrates  that hlaxwell’s  e q u a t i o n s  are inva r i an t  under  a descrild

I’(’flm+oll  ()])mtor. Section 3 (lcscril~m  h(nv tllc lmlarizatioll  vector co)]l~mllellts  of electric

fi~’l(ls  alc t rallsfollllcd  ulldcv  th(’ Icflcct  io]l  olmatiml. Scctioll  4  l)rmcllts  tllc sylllllldry

l)r{q)clties  o f  thmnal  radiaticnls  Ivitl]  res~wct  to tllc rdlcctiml ~)lalir, w}iile  %ctiml 5

l)resmlts  tl}c syllllnctly  ~)rcq>erties  of ljolarilnctric  sca t t e r ing  ccwfiicimlts.  ‘1’lic collditic)xls

f o r  India to “be reflection  syllllllctric  arc disclwsd  ill Srctioll  6.

2. }ldlection operations ancl the invarianm  of Maxwell ’s  actuations

This scctioll introduces  a reflcctiml operator, wllicll  is usd to tlcfillc  a (“t)llll)lclllclltaly

l)rol)lmll  Ivit]l t}lc  ficl(ls cc)rlf:sl)ol]clillg to tllc i]llagcs  of tllc fields in tile original  ~)lwl)lcln.

It is show)l  that tile  image  fields satisfy Maxwell’s equatim]s to dclllollstratc  tllr ixlvariallcc

of hlaxwcll’s  cquatiolls  mlder the reflectiml olmraticnls.

Witl]out  loss of gcllmality,  throughout  this lml)cT, the x-z plane, unless  otherwise

Illelltiolld,  is clloscll  as tllc Icflcctiol]  ~)lallc, with rcs~~ect to which tile rc’flectic)ll  ol~clatiol)

is al)l)liml.  Tllc mflectiml olwrat)or  R is ddilld  as follcnvs: Wllm K?. is applied to a scalar

field  C( JI, y, z ), it cmtcs a rcflecticm  image of the quant i ty  by tll~ f~ll~wiw ~~lati~)ll:

R.((l(l’,  y,z-)) = c/(2’, --y, z) (1)

W1lN1 alq~liml tc) a vector field  ~~i, it creates allotller  vedm f i e l d

Giwn tllc almvc dcfilliticm,  it is strtliglltfox~~’arcl  to slJow that for an albitrary  vector fidcl

;4, tl]c  fo l lowing  c.olnmutaticn]  rclaticnls hold true whm T?. o]mratm togctl]er  wi th  the

divcrgcllcc  slid curl operators:

T7 ~ R. (2) = ‘R  (17 .2 )

\7 x R (A) :----7<. (v x 3)
(3)
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II CIICC, R is colnlnlltable  with the divcrgcllce  oluator , and does not clmllgc  the divergence

of tl]c vector field.  Ill cm}trast,  all a d d i t i o n a l  IIlilllls sign  is olmmd WIICU]  tile reflection

a)]d c[lrl OIWI atims are rmuscd. ‘1’llis  i s  lwcallsc the dccticm  olwratiml  calm’s a sign

Ch:lllgc  to tllc I’cctor  Colllpmlmt’  l)C1’

ll{III(lCAICSS c)f tl]c  vector field.

wlldiclllar  to tllc mflcctiwl  ])lanc, thus cllallgillg  tile

~sillg  7<, lvc call dcfillc  a Collll)lelllelltal’y  l)x’o1)lcII1  Writll  t]le  fields  slid SO1ll’CCS I“clate{l

\

(4)

illl(l

to tl]c  ilnagm o f  tllosc in the origil]al  ])roblclll  as illustr~itd  ill  Figure  1. S]wcifically,  tllc

fiel(ls ill tl]e co)l]])lc]llelltary  ])xol)lun,  illdicatc(l  Ly tllc su]mscri])t  b])rilIlc’,  arc dcfilld as

follows:”
1; ’(2’,  y, 2) = ‘R (X(.T, ?J, z))

m’(. ?,y, :) =- 7?. p)(r,y, 2))

Y(.T,  ?J,2) = R (J(l, y,+)

J(.7’,  ?J,2) = R(p(2,1J,2))

X’(<r,y, z) = - R.(11(1’,y,z))
(5)

7) ’(1’, //,2) = -7< (11(0’,  IJ,2))

Not{ t]lat Il)llilic tllc electr ic ficlcls  ancl sources ,  tllc ilnagcs  of ‘(lnagllctic”  qual)titics  11

al)d  11 carry an o p p o s i t e  sign  to the  flclds  created  l)y tllc’ rdlectim  cqmatox.  ‘1’llRt  i s ,

t 11(* rcfl(cti(nl  l)lallc  a c t u a l l y  rcsml)bles  a ~)c’rfcxt  lll~igllctic-cc)llcl~  lctill~; wall. Ill c(}~ltras{

to tllr al~o~’e illlagc fields, allotllm  set of fields  CaII he createcl by  silllulatillg  tllc dlcctioxl

l)l:~]le  :IS a lx~rfcct electr ical-cc)l l( l l lct i l lg wall  with tllc signs  of all ‘{clcctlic”  qllalltiti~’s

r(~~’crscd,  while Illailltaillillg  tile sigl]s o f  Illafq]dic  qu:illtitics. Ilmvcvel,  tllww two sets

of dcfillitiolls  lead to t,llc sa]]]c conclusions  011 tllc  syxnl]lctry  l)rolmrties  o f  ~)olarilnetric

tllc’lllli\lr  ;~Iliatic)lls(  Scctic)114), J)c)12\1illlctricsc  atteril]gcc)  [Jfficiellts(Scc  ti()ll  5), :ilidcritcria

f(n a IIlmli[lln tol)e rcflccticn]  sylll]lletlic  (Scctioll  6). ~’lllls, tt’ccliscllss  c~xlly

tllc  reflection  ])laIlc coIrcs])(JIlds  to zi,l)crfcct  ]I]ng]]ctic  collductillp;  ])lallc.

3
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III tllc original  ]Jrc)ljlcm,  tl]c electric field E,
-..

Imglletic field  II, electric dis]~lacclnellt

71 aIId IIlagllctic flux  dmlsity  3 arc related to tllc cllfirge  density  p and currmlt dcllsity  ~

t lllollgll tllc Maxwell cquatiolls:

(G)

y7~j3= Ji. w

at

Givml  tllc cc):lllllltltatic]ll  relatimls o f  R. with t h e  divergcllcc  and curl operatms, i t  call

l)c sl]owl] that the fields  and sollrccs ill  tllc  cc)llll)lclll[lltzily  ])rol.)lmn  s a t i s f y  M a x w e l l ’ s

rc{lmtiolls.  1+’or tllc Gauss’  law of clwtric  dis])laccmlcnt,,  ap])lyillg  tllc cmnmutaticnl  relation

of tl]c  rcflcctiol)  c)])cratjol’  wi th  tllc divcrgyvlcc  olmator  leads to

v .Ij’ =- v  .R(D) =: n(v .7)) ~.. R.(p) ~ p’ (7)

l’or t IIe Faradny  induction law, Ivllicll  illvcJvcx tllc curl olmator,  making  usc of tllc

Collllllllta

III a siulil

icm rclatim  rmults ill

-.. .y7. ]j’::()

aIId tllc ge]lcralizd  Anlpcre)s  law holds  for tllc image flclds  aIId cu r ren t s :

(8)

(9)

(lo)

}Imce,  tllc i)nage fidds and sources obtailld  through tllc reflection opcratiwls  sat isfy

llax~vcll’s  equations. In other worcls,  hflaxwcll’s  cquaticnls  arc invariant  u]lder tllc rcflcc-

tioll ol)matiolls.
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3. Transformation of the polarized ccjmponcnts  of electric fields

‘1’0 fidcilitatr tllc  sylmJIctry  a] Ialyscs  of ldarimctric  scat ter ing and m]issiol]  coeffi-

cic]]ts,  this sectiol]  slIows  lIow tllc llorizcnlta]ly  and v e r t i c a l l y  ]ml:irimd  comlmlmts  o f

clwtric fields  are tra]lsformcd  uIIdc’r tllc Alwticm opcmticm. III ])olarixnetric  rcII]otc

smlsillg,  aII electric flcld  ill  tllc  ficII  f i e ld  regime l)ro])agatillg  in the dimctioIl  ; (:. 0 x ~1) is

(lccoIIllmsd  i]lto  llorizo]ltal  aII(l ~utical  colll])ollellts,  F igure  2,

Tl(@, @) ‘ E/J@, qO@,dd -1 1%(~, d~)fi(~,d’) {11)

.
WIIWC II aIId ii rc])rcw’llt  tllc llorizmlt  al aIld  vert ical  polar  izaticnl  vwtors,  rwlwcti~rcly,

to tllc ]darizatiml  vcc.tors  yields

(13)

IIm]cc,  tllc electric field  Z’ ill  the coln])lmnmltary  ]JIolJlcln c)l~taillcd  from tllc r e f l ec t ion

(16)



q-he :ilmvc resul ts  are essaltial  to deriving  tllc sylmndry

and active  scattcri]lp, cocflicimlts  ill  tllc Ilmt two  scctiolls.

4. Symmetry of polarimetric  l~riglltness  t e m p e r a t u r e s

Thcrlnal  mnissions  froln  geopl)ysical  India arc elcctrolllagllctic  radiatimls frwn fIuc-

tl~:itillg  cllI'rcl ltsrC'lJresellt  illgtlle  ltillcl()lll  tllcrlllal  motionsof  cl)algccll)axticles}$’itll  their

mlcrgy  states cllal]gec{ by tllc almml)tio~l  and scattering  effects  of tile India.  If tile Inr<lia

ll:i~’c  gcollletric  directional features or anisotrol)ic  llldiulll  ljropcxties, clnissioll  fIOIJl  such

IIlcdia  lxwmcs partially polarizd  lvitll  its l)olarizittioll  stilt(’ dcsclil.wd  ljy ;I Stokes vector

1,s It’itll  fc)llrl)zllalllftcrs, L’\,, 7j,, t? a n d  l“ [TsaIlgd al., 1985]:

(17)

I\7]1(.lc c is :, ~(:)]]st~llt  :~1](] ~~), a]l[l }fjl, aIC  tll~ }lo~i~,ollt~]ly ~llcl Vcrtical]y ~mlaIjzd COIll])[)-

Ilcllts  of tllc Ia(liatc[l  e l ec t r i c  fie](ls  illllstrated  ill  Figure  2. ‘1’11(!  angular  l)lackcts  Clcllotc!

t 11(’ (’1ls(’ 1111)1(’ average, taking  il]to  collsidcvaticnl  tllc ralldcml  Inotioll  o f  cli~tp,(>s.  “J’l}e

:ist  crisk (Imlot m t llc coml)lcx  colljllgat  c.

For rdlccticnl symmet r i c  cldmministic  targets, the cc)lllJ)lclllc’x]tfirJ’  Iwoblcm is tllc

salllc  a s  tile ,origillal  l)rc)blcm, i n  adcliticnl,  became  tllc tllmnal  current  ~ i s  rmdom,

llal’illg  a ZUC) recall allcl  a SCCO]l[l  lnolnmtl  l)rolmrtiollal  to  t i le  ilnagillary  ~)arts  of ~wr-

Illittivity  ancl pcnllealjility,  characterizing tile lossy  cfiects of tile llldium according to

t 11( fluctllation  and dissil)ation  tl:mmn [I,mldau and I,ifshitz, 1958; Yllel] and Kwok,

1 992?], tllc ral)dom cllrrellt is cllaractcrizd by a symllldric  randoxll  ~)xuccss ( se{: Srctioll

6).  IIcllce, for each realizatiml  of tllc ra]ldmn currmt 3(T), tllcre is always  a rcalizaticm

SaIII( :IS t llc rcflcctiol]  inlage  t)f T](T).

G



For mch realizaticnl of the rall(lol]l  currmlts, Eq. (16) implies that the electric field E’

radiated  froll]  tllc image  c.ummt sources  ill tllc cc)llll)lc’lllclltary  l)roblelII  must  bc rclatd

t f) t llc electric field  racliat  d frolll  1 lIe (migillal lallclcnn  currcvlt  sources  by

Ej,(o,  -- d)) 12= 1}’;},  (0, f#))12

1’/’[,(6, - d)) 2  =  IE1,(O,  C#))12 (18)

E;,(O> -.-@) J/’;, *(o> - ~)) = -- E,,(63 dj)q(~, l))

l’or mmlia wit]l  reflcx+iml sylllllletry,  w h i c h  allows  us to drop tllc su])mscri])t,  CIISCIII}~lC

:Ivmagillg  tile  al)c)ve cqllatiolls  cnu all realizatimls  c)f ranclmn f l u c t u a t i n g  cuI’rmIts  Iea{]s

t [)
< lp’;/, (o,- fJ)[2 >=<
< 11;,, (0, -<))12 >= <

< E,,(O, –@) E/,*(o,  --(j) > = --

Using Eq. ( 1 7), the a}xm qluitions  CaII k fmtller t r a n s l a t e d  iIlto  the sylnlIldries  of

Stoli(’s  ])al’all,let(’l’s:
7;)(0, ~)) = 7;,(01 --())

Ij, (@, dJ) = 2),(0, --@)
(20)

u(o, @) = --U(6,  - ~))

V(6,4) = -V(8, - f/))

I1clIcc, 711,  and ?}, o f  rcficwticnl  syllllnctric.  Illcdia  arc Cvcli  fullctioils  {)f <~, while  tl]c Illird

:111 CI follltll  StC)liCS  l) Zlrtllll CtWS 211’(’  Odd fullctim)s.

If a IIldiulll  is reflection  Sylnnlctric  with resl~cct  to Imtll  x-z allcl y-z l)laIIes,  al)l)lyillg



NTCJt,C that tljc  syllllllct]y  lelatiolls  (Imcril)e{l above also ll{dd fol ralldol]) IIleclia, a s.

lc)llg  as tllc NL)IC101I1  distril)lltiolis  of lxmllittivity  m)d lwrlllcal}ility f u n c t i o n s  arc rdiec-

tioll  sylllllldric.  ‘This is Iwcallsc  for ally rcalizatiml of the Iridium  with c :- F(T, y, 2) and

I( n //(T,  y, 2), tllcre is always allotllm realizatiml with c = 6(Y, - ZJ,.?) and// =- //($, -g,2).

(SW tllc discussions ill  Section  G). Aft m averaging t IIc Stokes ~)aralllctcrs m’m all xcal-

izatirms of 6 al]d  }1, tllc Stokes l~:iralnetcrs  wil l  sat isfy tllc syllllndxy  rclatiolis  sho~T,I~ i~]

1’:(1. (20).

‘1’l]c syln:lnetry  relatimls described ill Eq. (20)  arc evidcv]t  ill  F i g u r e  3  i l l u s t r a t i n g

tllc  ldarilllctric  briglltllcss  tcln~wraturm  of  sea s u r f a c e s  Incasurd  wit]]  all illcidmcc

:lllgl~  of 4(I d(JgrCCS  at K- ba]l(l  ( 19.35 G}IY,) 1)~ }711(’1] ~t al. [1994 c]. AS S11OW]I, I\, , 7}, ,

;ill(l  Q (  =:T1, - 7’}, ) arc symlnctric  w i t h  lcs~)cct to tllc wind directicnl  (~~ == 0 0 ) ,  w’llilc

tllc tllild St OliCS  paralllctcr  U  i s  all oclcl function  C)f ~J. For easy coml)arisoll,  secolld-

()]cIN cosillc  ( ,sille ) series fits of T~,, 7’}, ,  and Q ((T) are also illcludcd,  hlotc tllai l)tx-a~~sc

of tllc lll)iclc)~~~ll~~’ill(l  asymlndric  SC21 sllrface fcatums,  like foams alicl IIy(lrc)[lylliilllically

Illodlllatd  cal)illary  waves, the Stokes paxamctcrs.  arc’ less  symmetric with lm~)cct  to tl)e

crosswind direction @ == 90°.

5. Symnlctry  c)f polarimetric  scattering coefficients

l{cccllt  intmcst in t}lc  symll)etry of ldarillletric  s c a t t e r i n g  rocfiicicvlts  [irt~lisc f’rolll

tllc  l)rdictions  of theoretical scattering lllmlels  [Llorgcaud  et al., 1 987] and exIwrilllcnt  al

oljscrvatiolls  for  tile polarillletric  Imllote  scmsil~g  o f  gecq)]lysical  ll)dia [Ngllicm  et a l . ,

1 993], indicating  that,  tllc CC)- and cross-~~olarizcd  com~)ouellts  of backscattmd  fi(lds  arc
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(111-coil’[,latc:(l for  India  with azilllutlla]  syllllnetry,  i.e., tllc ll~dia are reflcctiml Syllllllrtric

w i t h  rcslmct to ally  l)lane ~)e~l)cll(liclll;~l  to tllc  x-y ~Jlal]e. 111 lmticldar,  this rclatioll  has

Imcll sllcccssflllly  used to estinlate tllc  clt)ss-l)olalizatic)ll  cou])lings  existillg  ix] ~mlarilnet-

ric xa(lars  usi)lg  the rcslmlscs frmll  distril)lltd  targets with azinlut]lal  symlnctry  [Vail Zyl,

1 9 ! ) 0 ] .  Itxl]lanation  of this cmlll)lctc  dc-corrclatiwl  Mwcc)l  CO- and cross  -})cdarizd  re-

sl)~)llses  frc)lll  azilllut,llal]y  sylnllletlic  ll~e(lia was colldllctccl  by Ngllicvn  et al. [1992] I)asd

011 tllc coll[litilol]  gi~’11  hy F;(I. (1 1 ) ill tllcir l)al)er. 1]1 colltrastl  t}lis ~)al~cl  directly derives

flx)ll]  tile Max\vell  cquaticnls tllc  syllllllctry  r e l a t i o n s  c)f ~ml~rilnctric bistatic  and lnollos-

t at ic scat tcri]lg c(Micicllts  of rcflf~ctim  sylnllletric  II)cdia, and Snows that tll(’ Ccml])ldc!

(1(’- correlation  of co-lmlarizcxl  :tlld cross  -lmlarizcd  XC%] )011 SCS fI’0111  t)argcts  with azillnltllal

syll]l)lctry  is a sl)ccial  case of tllc  gcllcral  resul ts .

Figluc  4 del~icts  tllc  scattcril)g  co])figuratiou, in wllicll  a target  is  illulni~mtd  by  a

l)lalic  ~va~’c with horizml tally  and vert ical ly lmlarized Colnl)CnlC1lts  E/,  ~ Ltlld  F;~i incident

flolll  tl)c  d i r ec t ion  di all(l @i, and scatted  into tllc d i r ec t ion  O and d with tllc hCmiz~)ll-

t  filly a]id  vdically  polarizd  e l e c t r i c  field  conllmllcults  dcnlotcd  l)y l;}ls and }~l,s. ‘1’llc

l)t)l;irilnctric sca t t e r ing  Inatrix  clmllcvlts .fGII with & allcl /3 lmillg  citller 11 or ?) relate tllc

illci(lcllt  electlic  fields  to the scattered electric fields by tllc following cquaticm:

\vIIcrc r is the ralqy!  f r o m  tile targd to tllc reccivcr. S imi la r  nc)taticms  arc Mu] with

tllc addition of a superscript ‘{l)rimc “ indicating  the dcctromagnctic  f ields ill  tllc colll-

l)lrlllmltary  ~)Ix)bleIn,  For example, the scattering  mat r ix  clcmeut.s  ill tllc colll~)lclllcntary

1)1’01 )1(’111 :11’[’  Ch?notcd l.)y .f:fl.

.4ccordillg  to 13q. ( 1 6), tile electric fields  ill  tile original axlcl cc)lrll)lelllcllt(tly  l)rob]cllls

{)



arc 1(’latd  I)y

illl(l

h’j,~(~i,- $f q)’ -  E/,~(@i,f#~i)
(24)

~;{,j(fl~, ‘-~)~) ‘E~,~(”~,  ~)~)

]kallsc the al.m’c  Cquati[ms  al’e v~lid for arbitrary excitaticnls, tllc scattering Illatrix

tile  original l)rol~lcm. ‘1’hc sul)crscril~t  call lx’ droplmd,  l e a d i n g  to tllc r e su l t s  that co-

l)olarizccl  sca t t e r ing  nlatrix clcvnmlts  fire Well  fullctio]}s  with rcs~)cct  to x-z l)lallc,  while

tllc  cross-  l)olarizul  cmll])ollcnts ale c)(lc1 fullctic)lls. An intcrestilg  special case is that,

lVIICN q) = @~ == 0, i . e . , the incidcllt,  and observat ion clirections areoll  t}le rcflectiml  plallc,

tile  cr(ws-polarizd  cc)llll)oncmts f/,l, aIlcl .flj~l bcTome mrc), as expectccl.

1+’or ralldo]n]y  distributed targets m rcmgh surfaces, the i r  scattmilg l)ro~)crties  arc

(lmcril~ed  l)y the l)olarilnctric  bistatic  scattering ccwfficicnlts:

Jvitli  0, /5j, }1 iiIICl  v being  either }1 C)l l]. ‘1’llC f a c t o r “A” is tllc illulnillatvd  area l]sed  to

Il(mllalizc tile scattering  cross sections. q’llescz~ttcrillg  cc)efficiel]t  Tnpllv cll?ixactc:lizestllc*

c{)rrclatioll  l~etwcml ~C,fl and  .f,, v Ivitll tile  Cllsclnl)lc a v e r a g e , dCIIOtd by  < > ,  takCll OVCr

tl]t’ clistriljllti(nls of all tile Ill[xliull) l~aralllctcrs, illcluclillg  tllc pcnnittivity,  Ixmneal)ility,

:111(1 Sllrfacc  Iougllms.
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For  eac]l  rcali~,atioll  of ralldoll]  l~ldiuln  or rollgll  su r face , tllc l)olarilnctlic  ljistatic

scat  telillg  coeflicicllts, (1( ’not (’d 1 )J’ -/:/1,,,/, o f  tile  cc)llll)lc~]lclltary  ~)roljle]n call  bc s}]owll

to l)c lcltlt(d to tll[{t  o f  tllc original  l)rol)leln  Ly

{

-),,/j/,/,(#,  (b; o~, ~)~),
~Jt/?/l//(6)--;oi>i>-  d~)=

(k =-” @ and p = v, 01 a +- /3 Rlld // # 2/;
- YC,fl/,l,(@lf’;@~,d’~),  O t h e r w i s e .

(27)

I.)y slll)stitutillg  t h e  syllilnctry  relaticnls given  ill  Eq.  (25)  i]ltc] E q .  (26). If  tllc ra]ldonl

IIldillll]  isrdi(’ctioll  sylllllletlict~’itll  rcsl)cct to tflcx-z pla]]c, tile Cmplmcwtaly  ~)roldcln

lc(lllcrs  to tile original  ]) IW1)lCVII,  l[lc:illil]~  tl]at Ikl.  (2?7) Imlltws to

\Tot(” tlliit tile s c a t t e r i n g  Cocfficimlts  dmlotil~g

111 tllc Case o f  l)acliscatterillg,  W}lcrc translnittillg  and receiving  alltclll)as  arc collo-

catd, tile IJolarilnetric  hackscattcring  coefrlciellts  arc rclatcxl  to tllc bistatic  s c a t t e r i n g

c(wfficiclits  I.)y

Ill t llc following discussions, u}, /,/,},, OVM)U,  ~/,11/,11, and  01,}, ~,}t arc IT] )XWX’nt d by collvell-

tio]lill  llOtatiOllS U/l/L, ~~,1), Ut,l), :111( 1 uu~,. Ilccause tllc factor  ccx Oi is not a functio~l  of tllc

:Izilllutll  tIllglc $$i, tile sylnlnc  try of l)olarilllct,ric  backs  CattcTilg c.c)eflicients Call be e;isi]y

lrclIIcd fro]n  that c)f bistatic  scattclill,g  cocfficiell!s. Ex~)lic.itly,  tllc collventicnlal  bacliscat-

t crillg cocfficifllts  and tlic corrclatio]]s  bctwcell  two c.o-polarizd  or two cross-polarized

11



(30)

(31)

For tllc slwcia]  case that  tile  i]]cidmlcc  dircctiml  is olI tllc rdlccticnl l)lalIc  (d~~ =  O ) ,

EJq, (31 ) il]ll)lics  that

IIlmni]lg  t h a t  tl]c cc)- aIId clc)ss-l)olal’izccl reslmmx arc uII-ccmdatcd. ‘1’llis  lIas  I)cell

OIHUIW1 ill  tile results  of maIIy  sc:ittcring  Inodds for gpp}]ysica]  ]neclia  w i t h  r e f l e c t i o n

Syllllllct,l’y, sllcl I a s  tile Ianclc)ln ]Ildilllll  IIIIJCI(’I  I)y ljorgcaud  ct a l .  [3.987),  l~ut ltil~  llOt

l)IOVCC1 to bc exact  lllltil  ]Jcnv.

Note that E e l .  (3o)  sllcnvs t h a t  the l~ackscattcring  cocfficicnlts  u},}, aIIcl al,~ ale CVCV1

fllllctiolls  of the azinluth  angle {~j. This has been WC1l knmwl ill t}m Illimnvave  bnckscat-

t millg cocfiicicllts of willcl-gellcratcd  sea surfaces, wllicll  axe sylnlndric  with rcs~)cct  to tile

lvill(l  {lilect,ioll. 1+’cn (xfi]]]l)lc,  tllc S A S S  gcol)l]ysical  lIIc)clcl  function  [11’mlty  it :il., 1984],

12



00 = .-I(J + .4] COS ~)~ +  A~ COS 2(/i (33)

\vl]icll  is all cvell flu~ctioll  Of  tll~ azilllutjl: allgl~ ~~i. Figures 5(a)  a]](l (1)) illllstratcs  al,l)

illld u}, },, Calclllatd  using  t lIC S.4SS geol)llysical  111 OC1C1 function, as a fullct  iml Of d)~ ft)r

tllc  wind SIWCC1 c)f 11.5 In/s. ‘1’lIc salnc l~lots  als{) illcludc  tllc backscattcrs  Incasurcxl  by

NIJSC;.4’I’  d u r i n g  SllrfaCC J?lavc Ilvllalnics  Ex])milncllt  (SW~AIIE) ill 199]  [Nglliclll  ct ill.,

] !)931j].  As  shown,  o/,/, and OL, I, ;I1’C syl]llllctric  flulctiolls  Of ~i. T o  study tllc Sylmlldly

l)l<)l)cltim  o f  tll(’ otllm })olarillletric l)ackscattcrillg  Codticirllts , also il]cllldd  ill Figure

5 ar(: t llc theoretical l)olarilllrt  ric  l)ackscat  teril]g coefficients calculatd  Ilsil]g  a t \Y(~ scale

f“sca SII]. dce scattcli]]g  II1OC1C1 originally  (lr\”{*lolxd  by I)llldrll  (II[{?  \rf.WICkJ’  [1985] f o r  oljl

ill]{] 0/,/, and gmlcrtilizd  to ])olari]nctric  Scatt,crillg  by }711rl  I d a l .  [ 1 9 9 3 ] .  1+ ’iguw tj(c)

1“(WYIIS a 180 (kgl’ws  ])llaw’ Cllallgc 111 /)/,/,/,1)  all[l p~ll,l,l) at tll~ ul)wi]ld  (~)i u 00 CICgr(’CS)

a]l{l downwind  ( 1800 ) (Iirwt iol]s, i]]dicatillg  that tllcc)rctical  Correlatim]s l~rtwce]] co aIId

(“loss-l)olalizccl”  IYW])OIISCS  frolll  sca slllfaccs  llal’c o d d  sylnll]etly  - as l)rcnml  iIl this ]JapcI

I)asd olI refkctioll  syllllnctry  assu]]l])tic)xl.  NTote t h a t  a s  cxl~ectcd,  all l.)ackscattcyil~}~

c(wfliciel]ts  ale 1(’ss synllnetric  Ivit]l  rcwl)wt  t o  tile closslt’i]ld  (Iirecti(nl  lKK-aIIsc  of tl){’

11])/clc)\\~]l\villcl.  asyln]netjric  fcatllrcs ill  will[l-illduccd  sea s~~rfaces.

6. Conditions for Reflection Symmetry

‘J’llollgll  reflect iwl  symllletry  has bccll  Ilsd frequm]t  ly to verify solutions or siulplify

l)rol)lel]ls,  tllc criteria for uldia to l)c reflcctiol]  sylnllletric  lIavc  ]lot yet been addrcssd.  1]1

fact this is a qllcstioll  that callllot, I)c a)]slvcrd  I)ascd  0]] elcctrolnaglletics  al{)l]c, I.}ccti[wc

tllc  Illdiulll  l)arallietms, dcscril)ing  tllc collstitllti~’c  relatiolisj such as tllc pmlnittivity

all(l l)c’llllf~al~ility,  arc dctcrlllillc~(l  ljy llo}l’  tile  l)articles Icact II]IC{CI tllc illflllellcc  of CICC.-

13



trmn;iglletic  fcmcs together  w i t h  otl]er  Inecl)allicd forces  ~)rcsellt in tllc India. IIculcc,

tllr lnt)st  gmlertil  al)l)roacll  to dccidc lvlletllm a lnccliulll  is rdmtiwl sylnl]lctric  sll(nlld  Iw

to SIIOW that all rclm’~int  l)llysical  l a w s , lvllicll gover]l  ptirticlc lllotic)lls,  SUCII a s  IJorclltz

force  for charged l)articlcs  and Scl~r&lingcr  cquaticm i n  qualltllm  Inccllanics,  }lavc tc) bc

lf~flcctioll sylllllldric. IImvmm, to ti~wi(l sllcll collll)lcxity  and to discuss cases as general

:1,s l)ossiljlc  witll{)ut  I)eillg collstrai]:cd  to s])ecific ])llysical  xncclla]l is Ins c)r govcmi]lg  la~i’s,

this Im]wr  i]]vmtigatcx  a gcIIcral  tylw of India: I.)iti]lisc)trc)])ic  India  [I{ol]~;, lg86].

11] Clcctxt)lllag]letics, tile ]Ilacroscol)ic  lIldiuln  lmqmticx  are dcscrihxl  by a d o f

colmtitlltivc  rr’latiolls  of l)iitllisotrol~ic  I]lcdia  arc givu  l~y

lvl]erc  2 allcl ~1 are tllc  l)cwnitti~’ity  aud Iwrlncability  talsors,  ~ dcscritxx  lIm\’ electric
—

flisl)lacc’lllcllt  reacts ill  tllc  lJrcselIcc  of ]I]ag]]ctic  fIc’ld alId  < causes  tllc Illagllctic flllx

(Icllsity  to ICS])OIICI  to tile electric field.  Si]nilarly, tllc collstitutive  xclatioxl of tllc Il]diulll

}“(m cmvmimcc,  the tensors dmcril)cd  al)ow slIall  }m rq)rcsmtd by  a tllrce-by-tllrcc

I]latrix  i]] the Cartesian coordinate. I’m cxam])lc, tllc Illatrix  Z is dmlotcd  ill  tile Cartesian

(xi)



Decausc tl]c  rdlcction  olmatio)ls  dcfilId  I]y Ilqs. (4) md (5) lIOld fcm arljitrary  f i e ld

(l~l:~lltitics,  it is straiglltfc)rl~?lrcl  to sl}()~v tl]at (“ ,  II’, ~y’ aIId ~’, evaluated  at  the l)~)siti[)ll

i’ = (J”, y, 2) ale ITlat’d  to :, ;1, ‘\, :Illd ?, eva lua ted  at T = (x, - y, -z) by

;111( I

(39)

(40)

1“01 llc)lllc)g(’11(’oils, I)ianisotro])ic  llledia with rdlcctio)l  sylnlndry  with respect  to x-z l)lanc,

(41)

(a.r ‘- <{/!, ‘- (22 = (J,z =- (22’ = o
1 ;iallisotropic  ]]lcdia  satisfying tllc’ above sy]llIl]dry  C.onditim]s have been usd by }’allg

a))(l Uslc]lglli  [1993] ill tllcir analysis of  ]JRIIar  t.)ii-illisotrol~ic  wavcguidcs.

Slwcial cases of l~iauisotro])ic  India  include isotro~)ic  India,  biaxial India, chiral

IIldia, and gyrotrol)ic  mdia. For i s o t r o p i c  ]ncdia wit]]  ~ = ~ =- O and Z alId  ~i lwing a

scalar, kklllatious  (37) and (38) rducc tc)

C’(.T,--IJ ,2) == c(z:, y,z)



Tllcrcfore, for  dctcrl]lil]istic,  i so t rop ic  lndia tllc  media  are Idlcct  ion  symll]ctric if and

f)]]ly i f  c a]ld  11 arc cvml functions  o f  y. i n  c o n t r a s t ,  for  ra))dolll  Illedia wit]l  ( and II

(lf’scl’il~ccl  I)y sl)atial  raIIdoln  l)roccsscs, rcflccticnl  sylnnletry  IIICaIIS that  t]lc’  govcrllilg

rtIIIclolIl  ]Jroccsses  for 6 and ~1 arc syl]l]l]ctric  wi th  res])cct to tllc rcflcctiox]  l)la]lc.  III other

IvOI’(IS,  i f  c : c(.r, y, 2 ) aIld  ii = ~(( .r, y, 2 ) are Icalizatio)ls  of t}lc  raIldc)IIl llldiuIn,  tllcll

tllcre exists a:[lotllm  rca]izatio]l  Ivitll f = 6(T, -- y,z)  and if = /f(Q’,  -  ?/,2).

I“or a holllogcllcolls  b i ax ia l  Illdilllll,  ~ and ~ are zero, tllc pmncability  is a scalar ,

aII(l tllc  ])cr]nittivity  is a diagonal  tcllsc)r ill tllc ]Jri]lcipal  c o o r d i n a t e  clcscrikxl by

(43)

}lUICC,  tllc lllmliull]  is rdlcctiml  symlndric  wi th  rcspd to tile x-z plfiII12,  but n o t  t h e

U]llike  l~iaxial media,  a gyrotrcq)ic  mdiuln  is anisotropic  but  Ilc)xl-rcci])lc)ctll  ll{mg,

1 9 S 7 ] ,  i]~cllldi]l]g  ei ther  clcc.tricdly gyrotropic  Iuedia  or lnagllctically  gyrotrcq)ic  media.

‘J’lIc  gmcra] fcmn  of 7 for tin dcctrically  gyrc)tmpic  mcclium, such as Clcctrml  plasI1l~l  llll~lcr

t 11(, illf!umlcc  of all a])plid mtcrllal  DC magllctic ficlcl, with t}le optical axis lmi]lting  in

tlIc x-dircctioll  is given  by:

7’” l-k ‘: U (45)
.4s (Iiscussd,  the lllcdiuIII  is reflccticnl  symmetric with respect to the x-y plaIlc, but not
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(46)

reflection  Symlnctric

a right-handed clliral

IIidiulll  (~ > ()) is a left-l lal)dd clliral  ]Ilecliulll  (~ < O), ancl vice versa,

7. S u m m a r y

‘1’llis  palm has a]]al~rzt(l t lle sy]lllllctry  l)rolmrtim of l)olalilllctric  acti~’(~ slat tcli]lg

:111[1 l)assi~’c clnissioll  C(wflicirllts  o f  ]nc(lia  w’itll  Idlcction  sylnnle  try< For l)assivc  rcqnotc:

s(>llsill~, it is sllt)lv]l  that tllc f i r s t  t~~’o  Stokes paralllctcm  of tllcrlna]  xadiatiolls  f r o m

Ief]cctioll  styll.llnct]ic ol)jects  are mml f{lllctiolls  with rmpcct t o  tile syllllllctry  l)la]]c,

~vllilc  tllc tllir(l and foulth  Stokes l)aralneters  arc odd  functio]ls.  Fcm active scattmillg,  tllc

correlation  coefficimlts  of co a]]d  clwss-l~olaxizcxl  rcspol  Iscs arc z~lltisyllllllctric,  Illllike  tllc

(Jtllcr  l)olarillletric  scatt,elillg  cocfficicv:ts. ‘1’llesc  symlnctry  rclatioxls  arc SI1OM71I to agITC

\vit 11 t l]c azimuthal signatures of miclmvavc  l>ackscattcrillg  and c]nissioll  lnca~lllclllcllts

of sea s{lrfaccs  and artificially constructed surfaces with dircc. tiollal  featilres Icl)ort(’cl  ill

tl]c litcratllre.

l’ot  m]tial  applicatic))ls  c)f t llc s tudied symmetry relat ions incluclc  tile detect icnl of

gc(q)l)ysical  clircctional  features  using  ~mlarilnetric  r e m o t e  scmsillg mcasurcmcmts. For

(~xa]]ll)lr,  tllc  syllllllctry  l)ropclty  c)f each l)c)larilllctric  scattclillg  or eJl~issioIl  IJarallleter

(lmi~’c(l  ill  this l)aljcr suggests  all alll]rol)liatc  fllllctiollal  form for the gmq)hysical  II1OCICI

ful]ctiml lvllic]  i rclat es tllc radar or radiolneter  olmrvatimls  to the direction of gcqdlysical

f(’at  111’CS. q’llat is, Ivllile a cosillr  sclics of tllc azilrlutli  allglc was alq)rol)riate  for tile 1111
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and W Ijacksc.attming  ctwflicicvlt,s  ill tllc SASS lnoclcl function [Wcmtz d al., 1!384],  aIId

tllc  briglltllcss  tcll~l~eraturcs  at horizmltal  aIId ve r t i ca l  lwlarizations  ill tllc SSM/I model

fllllctioll  [lVclltz, 1 992] of Sca Sllrfaccs ,  a  sillc  swim sl]ollld  be Ilsd ill  tile gcol)hysicd

]]]odcl fllllctioll  of tllc  other l)olarilnctric  scattering and clllission coefficients which llavc

()(1(1  Sylllllldry  [Yllrll (’t d., 19941),  C].
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(a) Original. problem ( b )  C o m p l e m e n t a r y  p r o b l e m
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